The lowest electronically excited singlet states of tryptamine and the tryptamine ͑H 2 O͒ 1 cluster have been studied, using time dependent density functional theory for determination of the geometries and multireference configuration interaction for the vertical and adiabatic excitation energies, the permanent dipole moments, and the transition dipole moment orientations. All molecular properties of the seven experimentally observed conformers of tryptamine could be reproduced with high accuracy. A strong solvent reorientation has been found upon electronic excitation of the 1:1 water cluster of tryptamine to the L a and L b states. The adiabatically lowest excited singlet state in case of the tryptamine monomer is the L b state, while for the 1:1 water complex, the L a is calculated below the L b state.
I. INTRODUCTION
The energetic ordering and nature of electronically excited states of 3-substituted indoles is of considerable interest for an understanding of protein fluorescence of tryptophan containing peptides at a molecular level. A multitude of theoretical and gas phase experimental studies have been performed on the indole chromophore itself and on 3-alkyl substituted indoles. The fluorescence properties of tryptophan residues are known to depend strongly on the local surrounding and on solvation. Tryptamine, as important part of the tryptophan residue, is a relatively large system, which is currently close to the limit of high level theoretical descriptions using multireference schemes, and it is also at the edge of the experimental determination of the excited state structure. Therefore, the investigation of properties of individual conformers with the indole chromophore contributes to the understanding of the complex photophysical properties of tryptophan containing peptides. Most of these photophysical properties are explained in the light of two electronically excited singlet states, which are labeled by 1 L a and 1 L b . The energetic separation of these states depends critically on the electronic nature of the chromophore, i.e., on position and electronic properties of attached substituents, on the local surrounding of the chromophore, and on solvation effects. Since both states differ considerably in their permanent dipole moments, they experience very different stabilizations upon solvation. An investigation of these solvation effects on the splitting and ordering of electronic states has to be performed with molecules containing all or most of the relevant functional groups, which might act as binding motifs for solvent molecules. In that respect, tryptamine is a good candidate, since it constitutes a model, which still can be interpreted at a detailed molecular level, but in contrast to model systems such as indole or methyl indole possesses the ethyl amino functional group that is responsible for the rich conformer landscape of this molecule and furthermore acts as a binding group for the solvent water molecules.
In a recent publication we presented an analysis of the conformational landscape of the neurotransmitter tryptamine in the electronic ground state using rotationally resolved electronic spectroscopy. 19 While high quality structure calculations for the electronic ground state are straightforward and bear in general no problems, electronically excited states are much harder to describe with an accuracy comparable to the experiment. Rotationally resolved electronic spectroscopy yields rotational constants which are related to the moments of inertia as primary structural information. To avoid or minimize the risk of accidentally good agreement between experimental and calculated rotational constants, a set of different isotopomers has to be studied. The second motivation for the study of excited states of the tryptamine conformers is the fact that different conformers of one molecule might exhibit very different transition dipole moment orientations upon S 1 ← S 0 excitation. The flexible ethyl amino side chain of tryptamine gives rise, in principle, to 27 conformers from rotations about the two CC and CN single bonds. Of these 27 conformers the nine conformers with the C ␣ H 2 -NH 2 side chain pointing out of the indole plane were supposed to have considerably lower energies than the remaining 18 ones. Park et al. found six different conformers of tryptamine in the low resolution laser-induced fluorescence ͑LIF͒ spec-tra and named them A to F. 3 With higher resolution Philips and Levy 4 could show that the C band comprises two close Q branches, which were assigned to different conformers ͑C1 and C2͒. Connell et al. performed an analysis of the conformational landscape using rotational coherence spectroscopy. 5 The A and B conformers of tryptamine have been observed using microwave spectroscopy. 16 In this study no further conformers could be found. Recently, Nguyen et al. 18 and Schmitt et al. 19 independently presented the results of high resolution rotationally resolved spectroscopy on the conformers of tryptamine, which differ in the number of conformers which were observed and in two assignments. In the study of Nguyen et al. 18 seven different conformers were identified, while
Schmitt et al. 19 found only six conformers. The "missing" conformer in the latter study can be identified as the C2 band of Philips and Levy. 4 In the meantime we were able to spot the C2 band by using a larger nozzle diameter for the molecular beam. This finding clearly points to some degree of kinetic control of the relative amount of the conformers in the molecular beam. 22 Nguyen and Pratt determined in a recent study the dipole moments of four tryptamine conformers in the electronic ground and excited state using the Stark effect on rotationally resolved electronic spectra. 21 Carney and Zwier investigated the seven conformers from Ref. 13 in the region of the alkyl C-H stretching vibrations using resonant ion dip infrared ͑RIDIR͒ spectroscopy and UV-UV hole-burning spectroscopy. They distinguished and assigned the seven conformers by their different IR spectra. Recently, the energy thresholds between the different conformers were measured by Dian et al. using stimulated emission pumping-hole filling and stimulated emission pumping-induced population transfer spectroscopy 17 and were compared to the results of a RIMP2/aug-cc-pVDZ study of the respective stationary points on the potential energy surface. 20 Complexation of tryptamine with one solvent molecule such water, methanol, or ethanol leads to a selective stabilization of only one conformer. 23, 24 The rotational constants of the water cluster were determined by Felker 25 and Connell et al. 26 using rotational coherence spectroscopy, and by Schmitt et al. 19 using rotationally resolved electronic spectroscopy. A bridged structure, which connects the amino group and the acidic CH group at the pyrrole ring, was found for this cluster, selectively stabilizing the A ͓Gpy͑out͔͒ conformer. Zwier 27 performed RIDIR spectroscopy and showed that the bonding to the amino group is considerably stronger than that to the pyrrolic CH group. Carney et al. investigated higher tryptamine ͑water͒ n clusters with n =2,3 using RIDIR spectroscopy and could show that water molecules bridge the amino ͑acceptor͒ and the indole NH ͑donor͒ group. 28 In the present study, the lowest excited singlet states of tryptamine and its water cluster are investigated by quantum chemical methods and are compared to the experimental results.
II. THEORETICAL METHODS AND COMPUTATIONAL DETAILS

A. Geometry optimization
Calculations were performed employing the valence triple zeta basis set with polarization functions ͑d , p͒ from the TURBOMOLE library. 29, 30 The equilibrium geometry of the electronic ground state was determined for a restricted closed shell Kohn-Sham ͑KS͒ determinant using the B3-LYP density functional. 31, 32 Furthermore, we optimized the geometries of the low-lying L a and L b electronic singlet states by means of a time-dependent density functional theory ͑TD-DFT͒ gradient. 33 All DFT or TDDFT calculations were carried out utilizing the TURBOMOLE package, version 5.6. Second-order perturbation theory ͑MP2͒ optimizations were performed with the 6-311 G͑d , p͒ basis set using the GAUSSIAN 03 program package ͑Revision A.1͒. 35 The selfconsistent field ͑SCF͒ convergence criterion used throughout the calculations was an energy change below 10 −8 hartree, and the convergence criterion for the gradient optimization of the molecular geometry was ‫ץ‬E / ‫ץ‬r Ͻ 1.5 ϫ 10 −5 hartree/ bohr and ‫ץ‬E / ‫ץ‬ Ͻ 1.5ϫ 10 −5 hartree/ deg, respectively. The ZPE corrections were performed with the vibrational frequencies computed using the analytical second derivatives.
Single point MP2 calculations within the resolution-ofthe-identity ͑RI͒ approximation were accomplished with the TURBOMOLE program package ͑Version 5.8͒ [36] [37] [38] yielding the MP2 stabilization energies at the MP2 / 6 -311G͑d , p͒ optimized structures. As appropriate basis sets Dunning's ͑aug-mented͒ correlation consistent valence quadruple with polarization functions was used, enhancing the number of basis functions to 1020 ͑1512͒. 39 The complete basis set model CBS-4 of Ochterski et al. ͑Ref. 40͒ has been used with the new localization procedure and improved empirical parameters from Ref. 41 as implemented in the GAUSSIAN 03 program package.
B. Electronic excitation energies
For the computation of singlet and triplet state energies and wave functions, we used the combined density functional theory/multireference configuration interaction ͑DFT/ MRCI͒ method by Grimme and Waletzke. 42 This method was shown to yield excellent electronic spectra of organic molecules at reasonable computational expense. The configuration state functions ͑CSFs͒ in the MRCI expansion are built up from KS orbitals, optimized for the dominant closed shell determinant of the electronic ground state employing the BH-LYP ͑Refs. 32 and 43͒ functional. All 62 valence electrons were correlated in the MRCI runs, and the eigenvalues and eigenvectors of eight singlet states were determined. The initial set of reference CSFs was generated automatically in a complete-active-space-type procedure ͑including all single excitations from the five highest occupied molecular orbitals in the KS determinant to the five lowest virtual orbitals͒ and was then iteratively improved. The MRCI expansion was kept moderate by extensive configuration selection. The MRCI space was spanned by about 100 000 energy-selected single and double excitations ͑200 000 singlet CSFs͒ from approximately 50 reference configurations.
III. RESULTS AND DISCUSSION
A. Electronic ground state energies and structures
The electronic ground state energies of the seven experimentally observed conformers of tryptamine are calculated using DFT/MRCI and are compared in Table I to the results of calculations using other methods. The structures of the conformers under investigation in this study are shown in Fig. 1 . The nomenclature for the orientation of the ethyl amino side chain in the different conformers which was introduced by Carney et al. is used here. 13 Gpy ͑Gph͒ designates conformations in which the amino group is in gauche conformation and points to the pyrrole ͑phenyl͒ side of the chromophore. In all anti conformers, the amino group points away from the chromophore. The orientation of the amino group lone pair is described by the identifiers "up," "out," "in," "py," and "ph." Although the two in conformers, with the lone pair pointing to the indole ring, have similar ground state energies as the other seven ones, they have never been observed experimentally.
As a general trend for the ground state energies of the DFT/MRCI as well as the MP2 calculations, it is found that the ground state energies of the three anti conformers ͑py, ph, and up͒ are considerably higher than those of the out and up forms of Gpy and Gph. The most stable conformer with all methods is the Gpy͑out͒ form. This finding can be explained by an additional stabilization of the Gpy and Gph forms through the dispersion interaction between the amino group and the aromatic system, which cannot be formed in the anti conformers. Clarkson et al. could show that CCSD͑T͒ calculations at the B3LYP optimized structure are able to reproduce the trend of the MP2 ground state energies, while successively larger basis sets used with the DFT method did not improve the results. 20 Therefore, they concluded that basis set superposition errors ͑BSSEs͒ from the interaction of the amino group orbitals with the indole ring are not the major source of the discrepancies. We have calculated the relative stabilization energies of the seven conformers at the respective MP2 / 6-311G͑d , p͒ optimized geometries with RIMP2 and successively increasing basis sets ͑Table I͒. All energies have been zero-point energy ͑ZPE͒ corrected using the vibrational frequencies at the level of optimization. Extrapolating the data from Table I to the basis set limit shows that the anti͑up͒ conformer is the most unstable one, followed by the two other anti conformers. Using the largest basis sets, both Gpy conformers are more stable than the Gph conformers.
The rotational constants from the optimized DFT calculations are in good agreement with the experimental values ͑cf. Tables S1 and S2 of the supplemental material 44 ͒, although the quality of the best MP2 calculations is not fully reached. Clearly, the discrepancy can be traced back to the underevaluation of dispersion interactions, in the DFT method. Proper consideration of electron correlation as in MP2 tends to stabilize the gauche conformers via dispersive interactions between the ethyl amino group and the aromatic ring. This is immediately obvious from the root mean square deviation ͑RMSD͒ of the experimental and calculated rotational constants. The RMSD for the rotational constants of all conformers of the MP2 calculations amounts to 7.5 MHz, while for the B3LYP calculations it is considerably larger ͑12.6 MHz͒. This effect is mainly due to the neglect of dispersion interaction in the DFT calculations, since the RMSD of the anti conformers alone is nearly equal for MP2 and B3LYP ͑7 and 9.5 MHz, respectively͒, while it differs considerably for the Gph/Gpy conformers ͑7.8 and 14.9 MHz, respectively͒.
B. Calculated vertical and adiabatic absorption spectra
Vertical absorption spectra
Vertical and adiabatic excitation energies of the L b and L a states of the seven lowest energy conformers are shown in Table II along with the respective electric dipole oscillator strengths. At the respective ground state equilibrium geometries, the first 1 ͑ → * ͒ L b states of all conformers exhibit significant configuration mixing. The leading configuration corresponds to an excitation from the second highest occupied molecular orbital ͑HOMO− 1͒ to the lowest unoccupied molecular orbital ͑LUMO͒. In addition, the excitation from the HOMO to the LUMO+ 1 has considerable weight, but its coefficient in the configuration interaction ͑CI͒ expansion has a different phase. Due to cancellation effects of the individual contributions of the two configurations to the electric transition dipole moment, the electric dipole transition to this state, commonly denominated as L b , is weak. The optically bright L a state ͑HOMO→ LUMO͒ constitutes only the second excited singlet state in the vertical absorption spectrum, about 2000-2500 cm −1 above the L b state, depending on the conformer.
For the adiabatic excitations the ZPE corrections have been calculated, using the analytical second derivatives for the ground state and numerical second derivatives for the L a and L b states. For all conformers negative corrections for the excitation energies ͓ZPE͑L a / L b ͒ − ZPE͑S 0 ͔͒ have been found, showing an overall decrease of the sum of the vibrational frequencies upon electronic excitation. While for excitation to the L b state the corrections are nearly constant ͑−1000 cm −1 ͒ for all conformers, the ZPE differences vary strongly with the conformer for excitation to the L a state. Especially, the anti conformers have smaller corrections than the Gph and Gpy conformers. The smallest ZPE correction is found for excitation to the L a state of anti͑ph͒. Inspection of the respective vibrational frequencies shows that this effect can be traced back to lower vibrational frequencies in the L a state of this conformer compared to all other ones. Thus, it is not an effect of selected modes, compensating each other but arising from an overall similarity of ground and excited state vibrational frequencies for that conformer. Molden frequency TABLE II. Calculated vertical and adiabatic singlet excitation energies ⌬E ͑cm −1 ͒ of seven tryptamine conformers and the tryptamine ͓Gpy͑out͔͒-water cluster. Adiabatic excitation energies are ZPE corrected by the amount given in parentheses. The adiabatic excitation energies of the water cluster contain BSSE corrections at the DFT/MRCI level. Electric dipole transition oscillator strengths f͑r͒ are displayed in the second row for each conformer in parentheses.
Geometry state files ͑.molf͒ and Gaussian ͑.log͒ files containing geometries and vibrational modes of all tryptamine conformers investigated in this study can be obtained from the authors' home page.
L a minimum structures
Starting the TDDFT S 1 minimum search of a conformer from its S 0 minimum nuclear arrangement leads the gradient toward a local minimum on the S 1 potential energy hypersurface. Its electronic structure corresponds to the L a state. Given that the L b state is the lowest excited singlet state at the ground state equilibrium geometry ͑see 
L b minimum structures
The optimization of the L b state of all conformers is complicated by the fact that it constitutes only the second excited singlet state at the TDDFT level. Using the DFT/ MRCI method at the TDDFT optimized geometry, this state is located adiabatically 1000-1500 cm −1 below the L a state for all conformers and constitutes the S 1 state, while the L a is the second state in the singlet manifold. This means that the electronic structure of the S 1 state swaps about halfway along the reaction coordinate connecting the S 0 and S 1 ͑L a ͒ minimum geometries. We therefore predict strong vibronic interaction between L a and L b states. 
C. Structural changes upon electronic excitation
The calculated principal distortions of the geometry of tryptamine upon electronic excitation to the L a and the L b states do not depend strongly on the conformer. 
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shows the approximate changes of the bond lengths upon electronic excitation. A plus ͑minus͒ sign indicates a bond length increase ͑decrease͒ between 0.2 and 1.5 pm, and a double plus ͑double minus͒ sign a change of more than 1.5 pm. A missing indicator designates changes between −0.2 and +0.2 pm. The bond length alterations in the L b state are dominated by a more or less symmetric expansion of the benzene ring and alternate bond length changes in the pyrrole ring. The situation changes completely upon excitation to the L a state. Both rings show an unsymmetric overall expansion. The most prominent difference is found in the geometry changes of the ethyl amino side chain. While for the L b state virtually no changes in the C-C and C-N bond lengths are found, the L a state shows strong alternate bond length changes and very large changes of the dihedral angles, defining the orientation of the side chain. The different structural changes upon L a and L b excitation can be rationalized with the aid of the frontier orbitals, calculated with DFT/MRCI and shown in the left half of Fig.  5 . For the L a excitation which has predominantly HOMO → LUMO character, the bond length variations in the chromophore follow nicely the changes in the orbital overlap. Also, the large variations of the bond lengths in the ethyl amino chain can be rationalized from the orbitals in Fig. 5 .
For the L b excitation mainly two contributions have to be considered. One is the HOMO→ LUMO+ 1 excitation, the other HOMO− 1 → LUMO. For all CC bonds in the benzene moiety of the chromophore, excitation occurs from nonbonding or bonding to antibonding orbitals, explaining its overall expansion. At least, for the HOMO− 1 → LUMO the changes in the ethyl amino chain are small, thus rationalizing the small bond length changes in the side chain.
Geometry changes in tryptamine upon excitation to the L a state are quite different from those of indole, while the general trends for excitation to the L b state are similar for indole and tryptamine. Table III compares the calculated geometry changes upon excitation to the L a and L b states of the chromophore indole, 45 the Gpy͑out͒ conformer of tryptamine, and the tryptamine-water cluster. Since all tryptamine conformers show very similar geometry changes in the chromophore moiety, we chose the most stable one for the comparison to indole. The geometry parameters of all other conformers are available as online supplementary material or directly from the home page of the authors. The ground state geometry parameters of the chromophore obtained from the B3-LYP/TZVP optimized structure are close to those of indole 45 which were obtained from optimizations at the complete active space self-consistent field/atomic natural orbital basis sets ͑CASSCF/ANO-S͒ level of theory. A common motif of the geometry changes is a moderate overall expansion of the benzene ring and strongly alternating bond length changes in the pyrrole moiety upon L b excitation. The excitation to the L a state leads to considerably diverse structural changes. The only common trends are larger bond length changes in the pyrrole moiety compared to L b excitation. Changes of the angles in the chromophores and in the side chain are generally small in indole and tryptamine. The different behavior upon L a excitation again can be understood comparing the frontier orbitals of tryptamine and indole. Since the L a excitation has predominantly HOMO → LUMO character, the strong change of the HOMO ͑Fig. 5͒ influences the geometry changes upon excitation to this state much more than to the mixed ͑HOMO→ LUMO + 1 / HOMO− 1 → LUMO͒ L b state.
D. Permanent dipole moments and transition dipoles
Recently, Nguyen and Pratt determined the permanent dipole moments of four tryptamine conformers in the ground and electronically excited state from a rotationally resolved Stark measurement. 21 These dipole moments can be used to distinguish between the different conformers, since they depend crucially on the position of the ethyl amino chain relative to the chromophore. The experimental dipole moments of the conformers in their electronic ground states are given in Tables S1 and S2 ABLE IV. Molecular parameters of the excited states of the Gph and Gpy conformers of tryptamine. The calculated transition dipole moment angles and and the permanent dipole moments are calculated by DFT/MRCI in the TDDFT optimized geometry of the respective state. Rotational constants are given in megahertz, dipole moments in debye, and angles of the transition dipole moment in degrees. 1724  1715  1710  1704  1718  1690  1587  1566  1537  1593  1579  1636  B  673  667  672  673  663  664  743  744  760  728  726  710  C  545  540  543  545  538  535  554  545  548  555  546 E. The tryptamine-water cluster
Electronic ground state energies and structures
Complexation of tryptamine with water selectively stabilizes one conformer, which could be shown experimentally to be the Gpy͑out͒ ͑A͒ conformer. 17, [24] [25] [26] [27] This selectivity could be traced back to the formation of a double hydrogen bond, which connects the amino group ͑stronger H bond͒ and the pyrrolic CH group ͑weaker H bond͒ via the water molecule. In the following we will concentrate only on the bridged water cluster of tryptamine A, which is the only one that has been observed experimentally until now. Differently bound water clusters ͑hydrogen bonded via the pyrrolic NH group or trans-linearly bound to the amino group with water as proton acceptor −NH 2¯O H 2 , or donor bound to the lone pair of the amino group −H 2 N¯HOH͒ of other conformers of tryptamine were shown either to have considerably higher energies than the cyclic tryptamine A cluster or to have completely different rotational constants than the experimentally determined ones.
19, 26 Zwier 27 performed RIDIR spectroscopy on the cluster and deduced from the vibrational pattern a strong −H 2 N¯HOH hydrogen bond. The electronic origin of the cluster is blueshifted by only 42 cm −1 , compared to the origin of the A conformer. This small shift already points to a bridged cluster, since bonding to the pyrrolic NH group ͑water as proton acceptor, like in indole͒ would lead to a redshift, comparable to that in indole, while bonding to the amino group ͑water as proton acceptor͒ should result in a larger blueshift than observed. From the experimental rotational constants any -bound structures can be excluded. The ground state geometry has been optimized at the MP2 / 6-311G͑d , p͒ and the B3-LYP/TZVP level of theory.
The resulting rotational constants are compared in Table  VI to the experimentally determined ones. The agreement for both the MP2 and the B3-LYP calculations again is reasonably good. The structure of the tryptamine-water cluster is shown in Fig. 6 . Electronic ground state energies and dipole moments of tryptamine-water have been calculated at the MP2 and the DFT/MRCI level of theory ͑Table VI͒.
The cluster stabilization energy at MP2 / 6-311G͑d , p͒ level including zero-point energy and BSSE correction using the counterpoise method of Boys and Bernardi 46 amounts to 20 kJ/ mol. This is close to the stabilization energy found for the hydrogen bonded aniline-water cluster at MP2 / 6-31G͑d , p͒ level including BSSE correction. 47 The corresponding stabilization energies for pyrrolic NH bound indole-water and 1-methylindole-water complexes are 15 and 7 kJ/ mol, respectively. 48 TABLE V. Molecular parameters of the excited states of the anti conformers of tryptamine. The calculated transition dipole moment angles and and the permanent dipole moments are calculated by DFT/MRCI in the TDDFT optimized geometry of the respective state. Rotational constants are given in megahertz, dipole moments in debye, and angles of the transition dipole moment in degrees. 
Vertical and adiabatic excitation spectra of the tryptamine-water cluster
In the vertical excitation spectrum at the DFT/MRCI level, the L b is calculated to lie approximately 2000 cm −1 below the L a state ͑Fig. 2͒. Contrary to the case of the monomer, the optimization of the L b state poses no problem although it is not the lowest excited state at the TDDFT level. At this level of theory, the lowest excited singlet state is the L a and the second excited singlet state is the L b state. As for the monomer, the individual contributions of the two configurations ͑HOMO− 1 → LUMO and HOMO→ LUMO+ 1͒ to the electric transition to the L b state nearly cancel, resulting in a small oscillator strength for this state. Contrary to the monomer, the L a state remains the lowest electronically excited state in the adiabatic excitation spectrum at the DFT/ MRCI level, while the lowest state in the vertical excitation spectrum is the L b state. Nevertheless, comparing both the adiabatic excitation energies and the TDM orientation of the L a and L b states with the experimentally determined value ͑Table VI͒ it is obvious that the experimental spectrum is due to the L b state. The DFT/MRCI excitation energies at the respective geometries including BSSE and zero-point energy corrections for all states involved are given in Table II . The BSSE of the tryptamine-water cluster in the L a and in the L b states is calculated to be 156 and 293 cm −1 , respectively, using the counterpoise method of Boys and Bernardi. The resulting blueshift of the adiabatic excitation energy of 31 cm −1 is in surprisingly good agreement with the experimentally determined value of 41 cm −1 .
F. Structural changes of the water cluster upon electronic excitation
Table VI compares the experimentally determined rotational constants, the permanent dipole moments of ground and both electronically excited states, and the transition dipole moments with the calculated values. Clearly, both the geometry changes and the transition dipole moment orientation point to the L b as experimentally observed excited state of the tryptamine-water complex like for the monomer. The calculated ground state structures and the geometry changes upon excitation of the tryptamine-water cluster to the L a and the L b states are compiled in Table V . The changes of the chromophore geometry in the cluster are very close to those of the monomer itself. The ground state hydrogen bond length between the amino nitrogen and the hydrogen bonded hydrogen atom of the water moiety r͑N 12 -H b ͒ slightly decreases upon excitation to the L a state and remains the same for L b . In contrast, the weak hydrogen bond between the water oxygen atom and the pyrrolic C 2 H group decreases strongly for both L a ͑−17 pm͒ and L b ͑−8 pm͒ states, accompanied by a strong change in the C 11 N 12 O 13 angle. Thus, the geometry change can approximately be described as a rotation of the water moiety, which leaves the N 12 -H b distance constant, but decreases the C 2 H-O 13 distance. This effect can be attributed to a considerable increase of the acidity of the pyrrolic CH group upon electronic excitation. The large geometry change of the dihedral angle, which describes the water orientation with respect to the tryptamine moiety and the decrease in hydrogen bond length should show up in a long Franck-Condon progression of the wagging mode and possibly in the stretching mode in the dispersed fluorescence spectra obtained via excitation through the electronic origin. Unfortunately, no such spectra are available yet in the literature.
IV. CONCLUSIONS
We performed DFT/MRCI calculations for the ground state and the lowest excited singlet states of the seven experimentally observed conformers of tryptamine and the hydrogen bonded water cluster and compared the results to the experimental values. The adiabatic excitation energies of the L b state show a nearly perfect agreement with the experimentally determined ones, if one takes ZPE corrections for the ground and excited state energies into account. The largest absolute deviation to the experimental excitation energy amounts only to about 300 cm −1 , which is less than 1% of the absolute value. Nevertheless, the sensitivity of the L b origin frequency on the conformation of the ethyl amino chain with respect to the chromophore is exaggerated in the MRCI calculations. While the experimental excitation energies vary within an energy range of 84 cm −1 , the calculated adiabatic excitation energies differ as much as 273 cm −1 from the smallest to the largest one. The origin of the L a state is predicted at 900-1800 cm −1 higher energy, depending on the conformer. The smallest energy difference L a − L b is found for the Gpy͑out͒ conformer with 885 cm −1 , the largest for anti͑ph͒ with 1810 cm −1 . In general, the variation of the L a excitation energy with conformation is larger than the variation of the L b excitation energy, which can be traced back to the larger dipole moment of the former.
The lowest electronic state in the adiabatic excitation spectrum of the monomer was found to be L b at the DFT/ MRCI level, reversing the ordering found by time-dependent density functional theory. The assignment of the lowest excited state as being L b is fully confirmed by the experimental findings. The assignments of excited states through their vertical or adiabatic excitation energies merely on the basis of nowadays very popular time-dependent DFT methods have, therefore, to be questioned in some cases. On the other hand, excited state structures can be predicted reliably using TD-DFT and might serve then for subsequent calculations of the electronic properties of the excited states via density functional theory/multireference configuration interaction. The problem of correctly computing the energetic ordering of L a and L b states is well known 49 and can be traced back to the fact that single reference methods such as TDDFT are not able to describe appropriately multiconfigurational states such as the L b state.
Complexation of tryptamine with one water molecule draws the L a state below the L b state in the adiabatic excitation spectrum. Nevertheless, the experimentally observed lowest excited singlet state is the L b state, although, like for the monomer, the oscillator strength of the L a is larger than that of the L b state. Since the absolute values of the adiabatic excitation energies of the conformers of the monomer and of the cluster are nearly quantitatively correct, we dare to pre-dict the origin of the L a state of the tryptamine-water complex to be redshifted by approximately 900 cm −1 , compared to the hitherto exclusively observed L b origin. A large reorientation of the water solvent molecule has been found upon excitation to the L a state from the ab initio calculations, which might cause a low Franck-Condon activity for this transition compared to the L b origin. Also, an efficient nonradiative decay channel for the L a state, which for several indole derivatives has been postulated to be N-H bond fission, might prevent the experimental observation of the L a origin of the cluster. 50 Finally, it has to be mentioned that the photophysics of tryptamine is also influenced by the existence of other electronic states, which might be energetically close. A prominent and much discussed example is the * state, which has been postulated by Sobolewski et al. 51 and by Sobolewski and Domcke 52 for indole and similar chromophores and has spectroscopically been characterized by Dian et al.
14 for several indole derivatives, in which a strong coupling of the hydride stretch vibrational levels to the * dissociative continuum is observed, which results in a quenching of the NH stretch vibration in the electronically excited state. Theoretical and experimental studies on other electronically excited states are currently on the way.
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